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Abstract 
The presented experimental work describes the nondestructive examination of polymer based 
composites using an acoustic method under the consideration of nonlinear effects. The technique is 
based on the fact that material behaves more nonlinearly in the presence of damage than in the 
undamaged state during dynamic load. Damaged structures show an increased nonlinear transmission 
behavior. Consequently, the level of nonlinearity is an indication of the damage severity. The aim is to 
analyze the nonlinear transfer behavior and if a quantification can be used to determine the damage 
severity. The focus is on the type of nonlinear acoustic spectroscopy methods that analyses the 
modulation spectrum. When two harmonic waves are applied with different frequencies to a damaged 
material, the amplitude of the high-frequency wave will be modulated by the low-frequency wave and 
the created spectrum manifests an intermodulation by showing new frequencies such as sidebands and 
higher harmonics. Samples made of glass fiber reinforced vinyl ester respectively epoxy, both taffeta 
woven, and pre-damaged by application of tensile tests using different levels of tension have been 
considered. A new experimental setup has been developed and a clearly visible increase of the 
intermodulation with increasing damage has been noticed for both materials. Finally, the method is 
proven to nondestructively evaluate the damage state of composites. 
1. Introduction
This paper focuses on the nondestructive evaluation of laminated, polymer matrix composites 
reinforced by woven glass fibers. These materials show complex damage mechanisms like 
delamination, fiber rupture, debonding, etc. affecting the mechanical response. To detect and quantify 
such damage in a structure, adequate testing techniques are needed. In quality control and inspection, 
particularly nondestructive testing techniques are required. The range of nondestructive testing 
techniques is wide and includes for example radiographic, infrared and electromagnetic 
characterization. Also, mechanical testing methods like ultrasonic and acoustic methods are known as 
appropriate and suitable characterization techniques of damage in composites. This paper’s focus is on 
the latter testing techniques, and particularly on the application of nonlinear acoustic methods which 
stand in contrast to linear methods like for example the classical C-scan or the Polar-scan presented in 
reference [1]. 
Actually, apart from the linear testing methods of materials, such as for instance the well-established 
A-, B- and C-scan, there is another possibility to evaluate the damage using nonlinear spectroscopy 
techniques. These methods base on the fact that a material behaves much more nonlinear dynamic in 
the presence of damage than in the undamaged state [2] during dynamic loading. The damaged 
material exhibits an increased nonlinear transmission behavior [3]. This phenomenon can be explained 
by the formation of new inner contact surfaces with increasing damage [4]. Qualitatively, it is possible 
to state that the nonlinear response of the composite increases with increasing damage [2]. 
Consequently, the level of the dynamic nonlinearity indicates the damage severity. The measurement 
and analysis of these nonlinear effects is established by so called Nonlinear Elastic Wave 
Spectroscopy (NEWS) methods [2]. Their advantage is to be much more sensitive to measure damage 
than classical linear methods [5] basing on bulk wave velocity measurements and they are more 
appropriate to inhomogeneous materials like composites where in particular the crack size is 
comparable to the wavelength of the ultrasonic waves [6]. 
Two general types of NEWS methods are presented in the literature [2, 5, 6]: Resonance based 
methods and methods that are non-resonance based. The present paper deals with the latter type of 
nonlinear ultrasonic spectroscopy methods that analyze the modulation spectrum. When two harmonic 
waves are applied with different frequencies f1 and f2 (f1 < f2) in a damaged material, the amplitude of 
the high-frequency wave will be modulated by the low-frequency wave because of a nonlinear 
transmission behavior. Consequently, the created spectrum manifests a nonlinear intermodulation 
response by creating new frequencies such as sidebands (f2  nf1; n = 2, 3, …) and higher harmonics 
(nf1; n = 1, 2, 3, …): The damage operates like a multiplier and nonlinear mixer of the excitation 
frequencies. Fig. 1 illustrates schematically this phenomenon [6].  
This article is presented in different sections: The following section is dedicated to the description of 
the investigated composite materials, the experimental setup and the signal treatment. Next, the results 
are exposed and discussed. Finally, the paper ends with a conclusion. 
Figure 1. Linear and nonlinear modulation. Excitation frequencies and response of an undamaged 
sample with linear transmission behavior (Top) as well excitation frequencies and response of a 
damaged sample with nonlinear transmission behavior (Bottom). 
2. Materials description and experimental procedure
In this section the two studied composite materials and the experimental procedure are presented and 
described. 
2.1.  Materials and samples 
The characteristics of the investigated materials and samples are summarized in Table 1. Each set of 
samples, made either of material 1 or material 2, has been prepared by application of tensile tests that 
are interrupted at predefined stress levels, findable also in Table 1. This allows introducing a 
progressive damage in the samples. Additionally, a reference sample of each set is left in the initial 
undamaged state. The sample’s geometry of each set is detailed in Fig. 2. 
Table 1. Materials’ and samples’ characterisitcs. 
Samples made of material 1 Samples made of material 2 
Matrix vinylester epoxy 
Fibers glass glass 
Weave taffeta taffeta 
Weight fiber content 73 % 53 % 
Cutting vs. weave orientation 0° 0° 
Stress levels to pre-damage 0, 100, 200, 300 and 400 MPa 0, 50, 100, 150, 200, 250, 300, 
350, 400, 417 and 431 MPa 
Number of samples 5 11 
Figure 2. Top: Geometry of samples made of material 1 (vinylester matrix); Bottom: Geometry of 
samples made of material 2 (epoxy matrix). 
2.2.  Experimental setup 
Here the experimental setup, the instruments and their settings are described. 
The generation of the two excitation signals is provided by the sound card of a common PC using a 
software based signal generator. The frequencies are randomly chosen, but it has been respected that 
the difference between the two frequencies is smaller than the lower frequency [7].  The so generated 
signals are transmitted to the sound signal amplifier over the common speaker output of the PC. The 
generated sound-signals are then amplified and transformed into mechanical vibrations using the piezo 
elements of two piezoelectric loudspeakers. These are opened to place the two sample’s extremities in 
direct contact with the piezo elements (see Fig. 4). To improve the tactile contact, an coupling gel is 
used. The sample’s dynamic response, represented by their vibrations, is afterwards recorded by the 
sensor of a laser vibrometer. A second amplifier is connected to the vibrometer’s output. This 
amplifier sends the vibration signal to an oscilloscope, which treats the signal using the Fast Fourier 
Transform (FFT) to get its frequency spectrum. The experimental setup is presented in Fig. 5 including 
the different instruments. 
Figure 4. Two opened loudspeakers using the piezoelectric actuators to excite a sample in place. 
Figure 5. Experimental setup: Instruments are labeled and the signal paths are illustrated by yellow 
arrows. 
3. Signal treatment
The given frequency spectrum of the samples’ vibration response is evaluated by an routine written in 
MATLAB. The aim is to compute the “Total Difference Frequency Distortion” (TDFD) according to 
reference [8]. It offers the possibility to quantify the nonlinearity by measuring the intensity of the 
intermodulation: 
𝑇𝐷𝐹𝐷 =  
√∑ 𝐴𝑖,𝑖𝑛𝑡𝑒𝑟𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛
2
𝑖
𝐴𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 1+𝐴𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 2
(1) 
𝐴𝑖,𝑖𝑛𝑡𝑒𝑟𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 are the amplitudes of the intermodulation products and 𝐴𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 1 respectively
𝐴𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 2 are the amplitudes of the two peaks placed at the excitation frequencies in the response’s
spectrum. 
It can be stated that this distortion measure is well-established in the field of sound system equipment 
to evaluate the unwanted distortion behavior of audio amplifiers. That is why it is suitable to introduce 
this parameter in the field of nondestructive testing by nonlinear acoustics as distortion effects of 
amplifiers are comparable to the dynamic nonlinear behavior of damaged composites. 
4. Experimental results and discussion
As described, increasing damage should lead to an evolution of the intermodulation products when the 
presented nonlinear acoustic method is applied. Exemplarily, the resultant spectra of the tests executed 
on the woven glass vinylester composite samples are presented in Fig. 8. Without any doubt, it can be 
observed that the number of peaks in the response spectrum increases with increasing damage. In the 
case of the undamaged sample, there are only two peaks remarkable beside the peaks resulting from 
the excitation indicating a nearly linear transmission behavior. The nonlinearity increases with an 
increase of tensile stress. This is visible by the appearance of peaks in sidebands and higher 
harmonics. 
Figure 8. Evolution of the intermodulation with increasing damage in vinylester matrix samples 
excited with frequencies of 10 kHz and 13 kHz. The damage state is indicated by the corresponding 
applied tensile stress. 
4.1. Results for woven glass vinylester composite 
Randomly chosen excitation frequencies of 10 kHz and 13 kHz have been used to apply the method to 
the woven glass vinylester composite samples. 
The result presented as the dependence between damage and intermodulation (as consequence of 
nonlinear transmission behavior) is shown in Fig. 9. The Total Difference Frequency Distortion 
(TDFD) traces over the tensile stress reached to pre-damage the correspondent sample for five 
different cases. A quadratic regression of these measuring points is also reported and plotted to support 
the interpretation. An increase of the intermodulation with increasing damage is clearly visible, from 
TDFD = 0.3176 in the case of the virgin sample to TDFD = 0.7014 in the case of the maximal 
damaged sample. 
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Fig. 9 Measuring points and quadratic regression of the nonlinear transmission behavior of the woven 
glass vinylester composite samples under excitation of 10 kHz and 13 kHz. 
4.2. Results for woven glass epoxy composite 
The method is equally applied to the woven glass composite samples with an epoxy matrix using the 
randomly chosen excitation frequencies of 11 kHz and 14 kHz. The resultant chart is presented in 
Fig. 10 including a cubic regression to support the estimation of the general behavior. The chart traces 
the Total Difference Frequency Distortion (TDFD) over the tensile stress used to introduce a well-
defined pre-damage in the corresponding sample for 11 different cases. With increasing damage, an 
increase of the parameter up to 150 MPa of tensile stress (from TDFD = 0.3557 to TDFD = 0.7910) is 
remarkable followed by an oscillation and even a slight decrease of the parameter with increasing 
damage is visible when the general behavior in this range of damage is considered. The measure of the 
maximal damaged sample is TDFD = 0.5444. 
The described oscillation and reduction could possibly be explained by large cracks and open 
delaminations in the composite material. In fact, delaminations that are completely open are sources of 
nonlinearities particularly in their boundary zones; only in this boundary region is a contact surface 
that introduces nonlinear effects [9]. The parameter’s oscillation is consequently justified as follows: 
At lower stress, small defects are created that increase the nonlinearity because of the creation of new 
contact areas. However, when the cracks and delaminations open and coalesce during a state of higher 
stress, the level of nonlinearity decreases partially. The zone of contact has been reduced. Then 
followed by still higher stress, new small cracks are created that start again to increase the nonlinearity 
up to a level till they open too. This effect is mentioned in [9] and [10] where another distortion factor 
has been recorded during a high cycle fatigue test of carbon fiber reinforced plastic. 
0 50 100 150 200 250 300 350 400
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
measure of the nonlinear transmission behavior
of the vinyl ester-samples under excitation of 10kHz  and 13 kHz
tensile stress in MPa
to
ta
l 
d
if
fe
re
n
c
e
 f
re
q
u
e
n
c
y
 d
is
to
rt
io
n
 (
T
D
F
D
)
data1
  quadratic
Fig. 10 Measure of the nonlinear transmission behavior of the woven glass epoxy composite samples 
under excitation of 11 kHz and 14 kHz including the plot of a cubic regression. 
5. Concluding remarks
The presented work is based on the literature of nondestructive examination of composites under the 
use of nonlinear acoustic methods. The nonlinear transmission behavior of two different composite 
materials in dependence of damage evolution was examined to verify and advance these methods. A 
new experimental setup has been constructed and an intermodulation measure has been introduced. It 
has been presented that a dependency exists between the nonlinear transmission behavior of samples 
and the damage state introduced by prior and interrupted tensile tests performed at defined stress 
levels. Therefore, the method is appropriate to nondestructively evaluate the damage state of 
composite samples, at least for the geometries and materials used in this work. The work exhibits a 
strict increase of the nonlinearity with an increase of the damage for the composite samples made of 
woven glass vinylester. This stands in contrast to the case of the woven glass epoxy composite 
material having observed an oscillation. This oscillation has to be deeply re-investigated by further 
research to assess the given explanation of a varying amount of contact surface in relation to the 
damage state level. Finally, it has been stated that the Nonlinear Wave Modulation Spectroscopy and 
the introduced TDFD provide an effective damage examination. 
Further informations, explanations and results achieved by this research can be found in [11]. 
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